We propose and experimentally demonstrate an optical bottle beam (BB) and an abruptly autofocusing beam (AB), which were generated using a ring-Airy beam array. The method can form BB arrays with varying sizes during propagation; consequently, it can produce multiple optical traps. Additionally, the BB size and the AB focal position can be controlled by varying the array radius. The intensity of the resulting beams improved significantly with increasing array number, and the value abruptly increased 800 times at the focal position when array radius and number were 2 mm and 64, respectively. It is the lateral acceleration of Airy beams that causes this abrupt increase in intensity. Numerical simulations were consistent with experimental results. These advantages could be beneficial for potential applications, such as optical traps, laser ablation, and the ignition of nonlinear effect. (The caption of Graphic Abstract is generation of high-power BBs and ABs using a ring-Airy beam array.)
Introduction
Optical bottle beams (BBs) are characterized by low or null intensity channels surrounded by three-dimensional regions of higher intensity [1] . Such beams can be applied to optical tweezers [2] for confining transparent particles as well as cells, DNA, atoms, and molecules by utilizing gradient optical forces (or radiation pressure) [3] , [4] . The so-called optical bottle was first proposed in 1970 and used to create an optical potential well [5] . Ever since, the development of BBs has attracted considerable attention, due to their unusual properties, which include high intensity gradients and dark hollow areas. A variety of methods have been proposed for generating these beams. For example, a single optical BB can be generated with Moiré techniques and used to trap and transport aerosols [6] . The superposition of Bessel beams has been utilized to generate an array of BBs using a specially-designed diffractive optical element [7] . Recently, a hologram optical bottle beam was reported which can manipulate particles along arbitrary paths [8] . In addition, ultrafast hollow Gaussian beams were proposed using a linear and nonlinear method with only two spiral phase plates [9] .
Focusing beams have potential in a variety of applications, such as optical trapping [4] , [10] and intense light bullet generation [11] , [12] . As such, the focusing performance of these beams is always an issue of great practical significance. Efremidis et al. proposed and demonstrated an abruptly autofocusing beam (AB) using a radially symmetric Airy intensity distribution [13] , [14] . The intensity of these beams undergoes an abrupt increase near the focal point. This abrupt autofocusing property and lack of additional lenses imply ABs are especially suitable for biomedical treatment or laser ablation. Such focal spots can only be produced by dynamically tailoring vector Bessel-Gaussian beams through their beam parameters [15] , this method can also generate optical BBs. An autofocusing beam was recently produced with periodic lattices [16] . Conical circular Airy beams with significantly reduced focal lengths have also been investigated [17] . Metasurfaces have been utilized to generate autofocusing beams without the need for Fourier transforms [18] . More recently, a circular Airy beam was made to exhibit a dual abrupt focus by imposing a quadratic phase on its spectrum [19] .
Airy beams were first observed by Siviloglou et al. in 2007 [20] and have generated substantial research interest due to their self-accelerating properties [21] . They have advanced rapidly for applications to light bullets [22] , optical clearing [4] , and plasma guiding [23] . In this study, we generate an optical BB by employing the self-accelerating properties of Airy beams. We theoretically develop and experimentally validate an efficient and simple method for generating high-power and controllable optical BBs, as well as ABs, using ring-Airy beam array. The BB size and AB focal position can be readily controlled by varying the array radius, and this property may allow for more freedom in the manipulation of a cell or particle. This method can form BB arrays of varying sizes during propagation and can consequently generate multiple optical traps. Additionally, the intensity of such beams improves dramatically with increasing array number. These advantages will be beneficial for potential applications, such as optical trapping, laser ablation, and the ignition of nonlinear effects.
Theory
To demonstrate the propagation behavior of optical BBs and ABs, we first consider the paraxial diffraction equation which governs the propagation dynamics of the electric field envelope φ [20] :
Here, x represents the one-dimensional transverse coordinate, z is the propagation distance, and k = 2π/λ is the wavenumber. Equation (1) has a finite-energy Airy solution obtained by introducing an exponentially decaying factor exp(as) [20] :
In this expression, A i (·) denotes an Airy function and a is a small positive quantity which can suppress the infinite Airy tail, ensuring the physical realization of Airy beams. The main lobe of the Airy beam follows a parabolic trajectory in the x-z plane, which is represented by the term x − (z/2) 2 in (2). Fig. 1 (a) depicts the accelerating propagation as a function of the distance z. Fig. 1(b) demonstrates the use of a ring-Airy beam array for generating BBs. In this configuration, multiple Airy beams are evenly-distributed in a circle in the x-y plane. Consequently, their main lobes form an obvious energy circle which results in an optical bottle beam. In the figure, r denotes the radius of the energy circle (or array radius), and it also represents the distance of main lobe of Airy beam away from optical axis. d indicates the width of the main lobe. Such arranged Airy beams move towards the center because they propagate along parabolic paths and will thus generate a downsized BB. Finally, these main lobes simultaneously converge at a point and form an autofocusing beam. The initial BB generated by a ring-Airy beam array is given by: 
where φ n (x 0 , y 0 , 0) is the initial optical bottle beam. Fig. 2 displays the BB propagation dynamics for the case of n = 32. Fig. 2(a) and (b) demonstrate a numerical side-view and normalized intensity as a function of propagation distance, respectively. It is evident the Airy beams follow parabolic trajectories and converge to the same point, where intensity rapidly increases by a factor of 200 [ Fig. 2(b) ]. This abrupt increase in intensity is caused by lateral acceleration. Fig. 2(c1) -(c3) present numerical intensity distributions at propagation distances of z = 0, 1.8, and 3.3 mm, respectively. The Airy beam arrays generate a hollow core [ Fig. 2(c1) ], which is surrounded by a high-intensity Airy-ring (main ring). Several subsequent Airy-rings are visible in the peripheral in simulations. The BB evolves into a focal point after propagating a distance of z = 3.3 mm. After this focal point, the maximum intensity gradually decreases. However, the decline is not monotonic but shows oscillations, as seen in Fig. 1(a) . This phenomenon results from the interaction between the main Airy-ring and subsequent Airy-rings. The simulation assumed values of r = 2 mm, d = 1 mm, and λ = 632.8 × 10 −6 mm.
Experimental Results
The optical BBs can also be generated by a phase-only reflecting spatial light modulator (SLM), as demonstrated in Fig. 3 . The configuration is similar to that of previous studies [24] . The input He-Ne laser (632 nm) is employed to generate a collimated and expanded Gaussian beam with an 8.6 mm full-width-at-half-maximum (FWHM). The Gaussian beam is reflected by a computercontrolled SLM (resolution, 1920 × 1080 pixels; pixel size, 8 μm; Holoeye Pluto, HOLOEYE), which is imposed by a computer-generated hologram. And then, the phase-modulated and reflected beam undergo a Fourier transform through use of a Fourier lens with a focal length of f = 300 mm. A BB can eventually be generated in the back focal plane of the Fourier lens, where the CCD can be moved along the optical axis to acquire snapshot images of the intensity profile. The SLM is located in the front focal plane of the Fourier lens.
Experimental parameters included an array number of n = 64 and other values similar to those of Fig. 2 . Fig. 4(a) demonstrates the computer-generated hologram coded onto the SLM, which is the intensity interference pattern formed by Airy beam arrays and the plane wave. A numerical side-view of the BB is depicted in Fig. 4(b) . Fig. 4(c1) -(c3) demonstrate a 2D high-power BB and an AB. Note the initial intensity is approximately 150 times larger than a single Airy beam due to multiple main lobes superposition. Subsequently, the BB tended to automatically focus without any auxiliary components or equipment. This results in an increase of as much as 800 times in the focal plane, with a focal spot diameter of approximately 100 μm. Due to the abrupt increase in intensity, the property would be beneficial for the ignition of nonlinear effects [12] and laser ablation [14] . Fig. 4(d1) -(d3) depict numerical intensity distributions at propagation distances of z = 0, 1.8, and 3.3 mm, respectively. The corresponding experimental results are shown in Fig. 4(e1)-(e3) , respectively. These results are in good agreement with numerical simulations. Note that some of the peripheral Airy-rings disappear in the experimental beam, and the effect was caused by the use of a low-level laser. The optical conversion efficiency mainly depends on reflectivity and the diffraction loss caused by the pixel structure of SLM. The conversion efficiency is approximately 90% in our system. Fig. 5 depicts a comparisons of normalized intensity profiles at distances of z = 0, 1.8, and 3.3 mm, for cases of n = 16, 32, and 64 in the first, second, and third lines of the figure, respectively. The inset images provide corresponding intensity distributions in x-y plane. As can be seen in Fig. 5(a1)-(c1) , the high-power BB intensity improves significantly with an increasing array number. The normalized intensity was as much as 8 times larger than that of a single Airy beam when n = 16. However, this value increases to 150 times when n = 64 [see Fig. 5(c1) ]. The intensity abruptly increases 800
x after propagating a distance of z = 3.3 mm [see Fig. 5(c3) ]. There is an approximately null intensity region in the center of the initial intensity profile, surrounded by a high-intensity region. Such an optical field structure allows these beams to trap macroparticles.
The center region intensity remains null and invariable in the early propagation stages. However, the size of hollow core decreases during propagation. Consequently, optical bottle beam arrays are formed, as demonstrated in Fig. 6 . This process clearly describes the evolution of optical BB arrays along the propagation direction. In contrast to traditional single optical bottle beams, optical bottle arrays simultaneously provide multiple trapping and manipulation.
In addition, we can readily control the BB size and focal position by varying the size of the array radius r . A larger value of r results in a longer focal length. Fig. 7(a1) and (a2) exhibit a controllable focal length in the case of n = 32, r = 4 mm and 8 mm, respectively. The focal length is approximately 6 mm when r = 8 mm mm. However, it is only 3.3 mm when r = 2 mm, as shown in Fig. 2(a) . This also leads to a larger BB as depicted in Fig. 7 (b1) and (b2), which correspond to Fig. 7(a1) and (a2) , respectively. This property may allow for more freedom in the manipulation of a cell or particle.
Conclusion
In summary, we have proposed and experimentally demonstrated an efficient method for generating high-power and controllable optical bottle beams, as well as autofocusing beams, by employing the self-accelerating properties of Airy beams. The BB size and focal length can be readily controlled by varying the array radius, this property would be beneficial for flexible optical manipulation. This method can also generate different sizes of BB arrays and form multiple optical traps. Furthermore, the intensity of such beams improves dramatically with increasing array number. These properties could be advantageous in a variety of medical applications or for the development of improved optical tweezers.
